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Abstract 

Impact craters are arguably the primary exogenic planetary process contributing to the 

surface evolution of solid bodies in the solar system.  Craters appear across the entire surface of 

Mars, and they are vital to understanding its crustal properties as well as surface ages and 

modification events.  They allow inferences into the ancient climate and hydrologic history, and 

they add a key data point for the understanding of impact physics.  Previously available 

databases of Mars impact craters were created from now antiquated datasets, automated 

algorithms with biases and inaccuracies, were limited in scope, and/or complete only to multi-

kilometer diameters.  This work presents a new global database for Mars that contains 378,540 

craters statistically complete for diameters D ! 1 km.  This detailed database includes location 

and size, ejecta morphology and morphometry, interior morphology and degradation state, and 

whether the crater is a secondary impact.  This database allowed exploration of global crater type 

distributions, depth, and morphologies in unprecedented detail that were used to re-examine 

basic crater scaling laws for the planet.  The inclusion of hundreds of thousands of small, 

approximately kilometer-sized impacts facilitated a detailed study of the properties of nearby 

fields of secondary craters in relation to their primary crater.  It also allowed the discovery of 

vast distant clusters of secondary craters over 5000 km from their primary crater, Lyot.  Finally, 

significantly smaller craters were used to age-date volcanic calderas on the planet to re-construct 

the timeline of the last primary eruption events from 20 of the major Martian volcanoes. 



 

 

Dedication 

I dedicate this thesis to four teachers I had in middle and high school.  First, Mrs. Nancy 

Beauregard, my sixth grade English teacher, who taught me that completing reading assignments 

didn't need to be a chore, and who has since become a good friend.  Second are my three high 

school science teachers:  Dr. Beverly Fennell, Mrs. Naomi Horchak-Morris, and Mr. Pat Carroll.  

I thank them for nurturing an interest in the natural world and science.  If all teachers could be as 

inspiring as these four, the world would be a much better place. 

I also dedicate this to my parents who seemed to know the right amount of guidance, 

support, and distance to let me find my own way. 



 

- v - 

Acknowledgements 

First and foremost, I want to thank my advisor, Brian Hynek, for his guidance over the 

past several years, very late-night input, and putting up with my verbosity.  I also want to 

sincerely thank three undergraduate students who assisted in generating this database over the 

past four years:  Rachel Haber, David McKenzie, and especially Danielle Russell.  For my 

overall thesis, I also want to thank the several people who agreed to read various parts and 

provide input, feedback, corrections, and critiques:  Brian Hynek, Pamela Gay, Brad Gisclair, 

Joe Boyce, Rich Orman, Tana Owens, and Dell Skinner.  Finally, I want to thank all the music 

artists, podcasters, and radio hosts who kept me at least somewhat sane over the thousands of 

hours spent creating the crater database that formed the bulk of this dissertation.  In particular, 

The Skeptics Guide to the Universe podcast helped to keep me entertained and informed, and it 

helped teach me to exercise a healthy amount of doubt about my own research conclusions. 

Chapters in this thesis are published, submitted, or will soon be submitted papers.  

Acknowledgements for each section follow: 

Sections 2 and 3:  This paper benefited from discussions with N. Barlow, J. Boyce, and 

M. Mellon. This work benefited from the assistance of R. Haber, D. McKenzie, and D. Russell.  

Support for this work was through NASA NESSF Award NNX07AU85H and NASA Award 

NNX10AL65G. 

Section 4.1:  This paper benefited from useful discussions with J. Skinner and R.A. Nava, 

and from reviews by C. Chapman and an anonymous individual.  This work was supported 

through NASA Award Number NNX10AL65G. 

Section 4.2:  Support for this work was through NASA Award Number NNX10AL65G. 

Section 5:  This paper benefited from useful discussions with E.B. Bierhaus and two 

anonymous reviewers.  S.J. Robbins was supported through NASA NESSF Award 

NNX07AU85H.  G. Di Achille was supported through NASA Grant Award NNX07AU41G.  

B.M. Hynek was supported through NASA Awards NNX07AU41G and NNX06AE08G. 



 

- vi - 

Table of Contents 

Abstract .......................................................................................................................................... iii!
Dedication ...................................................................................................................................... iv!
Acknowledgements ......................................................................................................................... v!
Table of Contents ........................................................................................................................... vi!
List of Tables .................................................................................................................................. x!
List of Figures ................................................................................................................................ xi!
1. Introduction ................................................................................................................................. 1!

1.1. Crater Production Throughout the Solar System's History .................................................. 2!
1.2. Crater Formation .................................................................................................................. 4!
1.3. Basic Crater Properties and Morphologies .......................................................................... 6!
1.4. The Utility of Craters in Understanding Planetary Processes .............................................. 9!

1.4.1. Relative Surface Ages ................................................................................................. 10!
1.4.2. Modification Effects on Craters .................................................................................. 13!
1.4.3. Types of Crater Distribution Graphs ........................................................................... 16!

1.5. The Importance of Detailed Crater Catalogs ..................................................................... 19!
2. A New Global Database of Mars Impact Craters to 1 km:  1. Database Creation, Properties, 
and Parameters .............................................................................................................................. 21!

2.1. Introduction ........................................................................................................................ 21!
2.2. Crater Identification and Position, Diameter, and Ellipse Parameter Measurements ........ 23!

2.2.1. Circle Fitting ............................................................................................................... 25!
2.2.2. Ellipse Fitting .............................................................................................................. 27!
2.2.3. Uncertainties in Crater Measurements ........................................................................ 28!
2.2.4. Uncertainties in Circle-Fit Parameters ........................................................................ 31!

2.3. Determining Crater Topographic Properties ...................................................................... 32!
2.3.1. Manual Topographic Measurements ........................................................................... 33!
2.3.2. Using Gridded Versus Spot MOLA Topography Data (MEGDR vs. PEDR) ............ 35!
2.3.3. Robustness of MOLA Gridded Data Compared with Point Data ............................... 37!
2.3.4. Comparing THEMIS- and MOLA-Derived Diameters .............................................. 38!

2.4. Crater Interior Morphology and Degradation State Classification .................................... 40!
2.4.1. Basic Crater Types ...................................................................................................... 41!
2.4.2. Crater Walls ................................................................................................................ 42!
2.4.3. Crater Floors ............................................................................................................... 42!
2.4.4. Determination of Crater Degradation States ............................................................... 43!
2.4.5. Is This Crater a Secondary? ........................................................................................ 45!
2.4.6. Is This a Crater? .......................................................................................................... 46!

2.5. Crater Ejecta Morphology Classification ........................................................................... 46!
2.6. Crater Ejecta Morphometry Measurement ......................................................................... 50!

2.6.1. Outlining Ejecta and Calculating Their Properties ..................................................... 50!
2.6.2. The "Infinite Coastline of Britain" Problem:  Fractal Nature and Differing 
Resolutions ............................................................................................................................ 52!

2.7. Database Completeness ..................................................................................................... 54!
2.7.1. Identified Craters - Statistical Diameter Completeness .............................................. 54!
2.7.2. Topographic Data Completeness ................................................................................ 55!



 

- vii - 

2.7.3. Ejecta Morphology and Morphometry Completeness ................................................ 55!
2.7.4. Crater Morphology Completeness .............................................................................. 55!
2.7.5. Comparison with Barlow (1989, 2003), Stepinski et al. (2009), and Salamuni"car et 
al. (2011) Databases .............................................................................................................. 56!

2.7.5.1. Barlow (1988) ...................................................................................................... 58!
2.7.5.2. Stepinski et al. (2009) .......................................................................................... 59!
2.7.5.3. Salamuni"car et al. (2011) ................................................................................... 59!

2.8. Conclusions and Database Availability ............................................................................. 60!
3. A New Global Database of Mars Impact Craters to 1 km:  2. Global and Regional Properties 
and Their Implications to Gravity Scaling .................................................................................... 62!

3.1. Introduction ........................................................................................................................ 62!
3.2. Global Crater Distributions ................................................................................................ 63!

3.2.1. Basins (D "1000 km) ................................................................................................. 64!
3.2.2. Large Craters (100 - ~500 km) ................................................................................... 65!
3.2.3. Intermediate-Sized Craters (5-50 km) ........................................................................ 66!
3.2.4. Small Craters (1-3 km) ................................................................................................ 67!
3.2.5. Fresh Craters ............................................................................................................... 68!

3.3. Crater Morphologies Across Mars ..................................................................................... 71!
3.3.1. Distribution of Central Peaks, Pits, and Summit Pits ................................................. 71!
3.3.2. In-Crater Dune Fields ................................................................................................. 74!
3.3.3. Ejecta Morphologies ................................................................................................... 77!

3.3.3.1. Radial Ejecta ........................................................................................................ 78!
3.3.3.2. Layered Ejecta ..................................................................................................... 78!

3.4. Crater Shapes ..................................................................................................................... 82!
3.5. Global depth/Diameter Relationships ................................................................................ 84!

3.5.1. Regional depth/Diameter Relationships ..................................................................... 85!
3.5.2. The d/D Relationship for Mars ................................................................................... 88!

3.5.2.1. Variation with Latitude and Terrain Type ........................................................... 88!
3.5.2.2. Bimodal Nature .................................................................................................... 89!
3.5.2.3. Deepest Craters Method ....................................................................................... 91!
3.5.2.4. Fresh Craters Method ........................................................................................... 95!
3.5.2.5. Average Across Crater Depths and Degradation States ...................................... 97!

3.5.3. Synthesis of the depth/Diameter Relationship ............................................................ 99!
3.6. The Simple/Complex Morphology Transition and Gravity Scaling ................................ 100!

3.6.1. Based on Floor Shape ............................................................................................... 100!
3.6.2. Based on Other Complex Crater Morphologies ........................................................ 102!
3.6.3. Based on depth/Diameter .......................................................................................... 104!
3.6.4. Synthesis of the Simple/Complex Morphology Transition ...................................... 105!

3.7. Discussion and Conclusions ............................................................................................ 107!
4. Secondary Craters from Near and Far .................................................................................... 112!

4.1. Distant Secondary Craters from Lyot Crater, Mars, and Implications for Ages of Planetary 
Bodies ..................................................................................................................................... 113!

4.1.1. Introduction ............................................................................................................... 113!
4.1.2. Identification of Craters and Secondary Clusters ..................................................... 115!
4.1.3. Size-Frequency Distribution of Secondary Clusters ................................................. 117!

4.1.3.1. Close Secondary Craters .................................................................................... 118!



 

- viii - 

4.1.3.2. Distant Secondary Clusters ................................................................................ 119!
4.1.3.3. CTX-Based Case Studies of Distant Secondary Crater Clusters ....................... 119!

4.1.4. Discussion and Conclusions ..................................................................................... 121!
4.2. Close Secondary Crater Fields from 24 Primary Craters, Mars, and Prospects for 
Understanding Nearby Secondary Crater Production ............................................................. 124!

4.2.1. Introduction ............................................................................................................... 124!
4.2.2. Identification of Primary Craters and Their Close Secondary Clusters .................... 126!
4.2.3. Size-Frequency Distribution of Secondary Clusters ................................................. 127!

4.2.3.1. Lyot Crater ......................................................................................................... 130!
4.2.3.2. Holden Crater ..................................................................................................... 133!
4.2.3.3. Lomonosov Crater ............................................................................................. 133!
4.2.3.4. Oudemans Crater ............................................................................................... 134!
4.2.3.5. Unnamed Crater at 5.3°N, 5.8°E ........................................................................ 135!
4.2.3.6. Unnamed Crater at -2.4°N, 183.0°E .................................................................. 136!
4.2.3.7. Unnamed Crater at 3.0°N, 140.3°E .................................................................... 138!
4.2.3.8. McMurdo Crater ................................................................................................ 138!
4.2.3.9. Unnamed Crater at 61.7°N, 229.0°E .................................................................. 139!

4.2.4. Implications ............................................................................................................... 140!
4.2.5. Conclusions ............................................................................................................... 145!

5. The Volcanic History of Mars: High-Resolution Crater-Based Study of the Calderas of 
Twenty Volcanoes ...................................................................................................................... 148!

5.1. Introduction ...................................................................................................................... 148!
5.2. Method ............................................................................................................................. 151!

5.2.1. Image Processing ...................................................................................................... 151!
5.2.2. Geomorphologic Mapping ........................................................................................ 152!
5.2.3. Crater Counting ......................................................................................................... 156!
5.2.4. Size-Frequency Diagrams and Isochron-Fitting ....................................................... 157!

5.3. Tharsis Region ................................................................................................................. 163!
5.3.1. Alba Mons ................................................................................................................. 164!
5.3.2. Arsia Mons ................................................................................................................ 165!
5.3.3. Ascraeus Mons .......................................................................................................... 170!
5.3.4. Biblis Tholus ............................................................................................................. 171!
5.3.5. Ceraunius Tholus ...................................................................................................... 172!
5.3.6. Jovis Tholus .............................................................................................................. 176!
5.3.7. Olympus Mons .......................................................................................................... 176!
5.3.8. Pavonis Mons ............................................................................................................ 177!
5.3.9. Tharsis Tholus ........................................................................................................... 178!
5.3.10. Ulysses Patera ......................................................................................................... 179!
5.3.11. Uranius Mons .......................................................................................................... 180!
5.3.12. Uranius Tholus ........................................................................................................ 181!

5.4. Syrtis Major ..................................................................................................................... 182!
5.4.1. Meroe Patera ............................................................................................................. 183!
5.4.2. Nili Patera ................................................................................................................. 183!

5.5. Elysium Complex............................................................................................................. 184!
5.5.1. Albor Tholus ............................................................................................................. 184!
5.5.2. Elysium Mons ........................................................................................................... 185!



 

- ix - 

5.5.3. Hecates Tholus .......................................................................................................... 187!
5.6. Apollinaris Mons ............................................................................................................. 188!
5.7. Northeastern Hellas Basin ................................................................................................ 191!

5.7.1. Hadriaca Mons .......................................................................................................... 192!
5.7.2. Tyrrhena Mons .......................................................................................................... 193!

5.8. Implications for Secondary Cratering and Resurfacing ................................................... 194!
5.8.1. In-Depth Analysis of Arsia Mons ............................................................................. 195!
5.8.2. In-Depth Analysis of Apollinaris Mons .................................................................... 197!
5.8.3. Possible Model Interpretations and Explanations ..................................................... 199!

5.9. Implications for the History of Volcanism on Mars ........................................................ 203!
5.10. Discussion and Conclusions .......................................................................................... 207!

6. Discussion ............................................................................................................................... 210!
References ................................................................................................................................... 215!
Appendix A - Columns in the Database and Brief Descriptions ................................................ 229!
Appendix B - Discussion of Ellipse Fit Algorithm ..................................................................... 234!
Appendix C - Archetypal Examples of All Crater Interior Morphologies ................................. 237!
Appendix D - Archetypal Examples of All Crater Ejecta Morphologies ................................... 238!
 



 

- x - 

List of Tables 

Table 1:  Schema used to define degradation states ("class") for craters. ................................... 44!
Table 2:  Craters and properties of the craters used in studying the fractal nature of ejecta. ...... 53!
Table 3:  Large accepted basins on Mars. .................................................................................... 65!
Table 4:  Average ejecta mobility values for select layered ejecta types. ................................... 82!
Table 5:  Crater depth/Diameter ratios on Mars. ......................................................................... 93!
Table 6:  Summary of transitional diameters for different Martian terrains. ............................. 106!
Table 7:  Primary craters with secondary crater field characteristics. ....................................... 128!
Table 8: Area of calderas and number of identified craters of all volcanoes. ............................ 158!
Table 9: Modeled crater ages for each caldera with diameter range and derived age. .............. 166!
 



 

- xi - 

List of Figures 

Figure 1:  Cratering rate through the solar system's history. ......................................................... 3!
Figure 2:  Examples of different size-frequency distribution graphs. ......................................... 17!
Figure 3:  Number of points used to define each crater versus the crater diameter. .................... 26!
Figure 4:  Statistical completeness of crater diameters across the planet. ................................... 26!
Figure 5:  Monte Carlo simulations using the NLLS fits on a "noisy" circular crater model. .... 29!
Figure 6:  ! confidence levels. ..................................................................................................... 30!
Figure 7:  Craters with MOLA PEDR and MEGDR data overlaid. ............................................ 38!
Figure 8:  THEMIS- and MOLA-measured diameter comparison. ............................................. 39!
Figure 9:  Effect of different resolutions and crater ejecta morphologies on lobateness. ............ 53!
Figure 10:  Ratio of THEMIS-based crater identifications to MOLA-based. ............................. 56!
Figure 11:  Comparison between four global Martian crater. ...................................................... 57!
Figure 12:  Comparison between this, Barlow (1988), and Barlow (2004, in prep). .................. 58!
Figure 13:  Locations and relative sizes of craters 100 # D # 500 km on Mars. ........................ 66!
Figure 14:  The distribution of all 5 < D # 50 km Martian craters as a function of terrain age. . 67!
Figure 15:  Locations of all 1 # D < 3 km craters on Mars included in this database. ................ 67!
Figure 16:  Scatter plot showing the distribution of all fresh D ! 5 km fresh craters. ................ 69!
Figure 17:  Area density plot showing the relative fraction of fresh craters. .............................. 69!
Figure 18:  Fraction of craters 5#D#50 km that have central peaks. ........................................... 72!
Figure 19:  Fraction of craters 5#D#50 km that have summit pits. ............................................. 73!
Figure 20:  Fraction of craters 5#D#50 km that have central pits. .............................................. 73!
Figure 21:  Locations of Martian dune fields in craters D ! 3 km. ............................................. 75!
Figure 22:  Latitudinal distribution of dunes within impact craters on Mars. ............................. 76!
Figure 23:  Scatter plot showing the distribution of all radial ejecta craters D ! 5 km. .............. 77!
Figure 24:  Distribution of layered ejecta craters, by type, per latitude bin. ............................... 79!
Figure 25:  Fraction of craters 5 # D # 50 km that have layered ejecta blankets. ....................... 80!
Figure 26:  Binned crater depth/Diameter ratios across Mars. .................................................... 85!
Figure 27:  Binned fresh crater depth/Diameter ratios across Mars. ........................................... 86!
Figure 28:  Scatter plot showing all craters with only fresh craters over-plotted. ....................... 90!
Figure 29:  Fraction of craters that are simple or complex as a function of diameter. .............. 101!
Figure 30:  Simplified diagram of the diameter at which simple-complex transitions are 
observed in the northern plains. .................................................................................................. 104!
Figure 31:  The transition between simple and complex crater morphology on Mars. ............. 105!
Figure 32:  The transition between simple and complex crater morphology on Mars from this 
work overlaid on Pike (1988, Fig. 1). ......................................................................................... 106!
Figure 33:  The region around Lyot crater with secondary craters identified. .......................... 114!
Figure 34:  Distribution of identified secondary crater clusters from Lyot crater. .................... 115!
Figure 35:  Lyot's nearby secondary crater SFD and the overall SFD of far-field secondaries. 118!
Figure 36:  Two SFDs of distant secondary craters analyzed in THEMIS and CTX imagery. . 120!
Figure 37:  Distribution of all (D ! 0.9 km) craters on Mars. ................................................... 125!
Figure 38:  Examples of morphologies seen in secondary crater fields. ................................... 131!
Figure 39:  Cumulative size-frequency distributions and R-plots of all secondary crater fields 
discussed in Section 4.2.3. .......................................................................................................... 132!
Figure 40:  THEMIS mosaic of the unnamed crater located at 5.3°N, 5.8°E. ........................... 135!



 

- xii - 

Figure 41:  THEMIS mosaic of the unnamed crater located at -2.4°N, 183.0°E. ..................... 136!
Figure 42:  THEMIS mosaic of the unnamed crater located at 3.0°N, 140.3°E. ....................... 137!
Figure 43:  Examples of secondary crater contamination of primary impact craters. ............... 143!
Figure 44:  Locations of the two dozen major identified volcanoes on Mars. .......................... 150!
Figure 45:  Tharsis-region volcanoes studied with geologic maps and model ages overlaid. ... 154!
Figure 46:  Other volcanoes studied with geologic maps and model ages overlaid. ................. 155!
Figure 47:  Two different types of endogenic craters. ............................................................... 156!
Figure 48:  Size-frequency distributions for the Tharsis volcanoes. ......................................... 160!
Figure 49:  Size-frequency distributions for the non-Tharsis volcanoes. .................................. 161!
Figure 50:  CTX mosaic image of obvious secondary craters in Arsia Mons' caldera. ............. 168!
Figure 51:  SFDs of the main Arsia Mons caldera and the youthful vent that was also dated.. 169!
Figure 52:  Geologic mapping and size-frequency diagram for the Ceraunius Tholus region. . 174!
Figure 53:  SFD of two of Hecates Tholus' calderas showing agreement between CTX- and 
HiRISE-based crater counts. ....................................................................................................... 188!
Figure 54:  A crater density plot of Apollinaris Mons' two main calderas. ............................... 190!
Figure 55:  SFD of Arsia Mons showing proposed secondary and remaining craters. ............. 197!
Figure 56:  SFD of Apollinaris Mons showing proposed secondary and remaining craters. .... 198!
Figure 57:  Timeline illustrating the ages discussed in the text and Table 9. ............................ 201!
Figure 58:  Minimum volcanic history via the number of calderas as a function of time. ........ 201!
Figure 59:  Caldera eruptions during the major Martian geologic epochs. ............................... 202!
Figure 60:  Flow chart of the algorithm to monitor the ellipse fit and verify convergence. ...... 236!
Figure 61:  Basic crater morphologies. ...................................................................................... 237!
Figure 62:  Select floor and wall morphologies. ........................................................................ 237!
Figure 63:  Select ejecta morphologies. ..................................................................................... 238!
Figure 64:  Select ejecta morphologies. ..................................................................................... 239!
 


